Polymorphic inversions are ubiquitous across the animal kingdom and are frequently associated with clines in inversion frequencies across environmental gradients. Such clines are thought to result from selection favouring local adaptation; however, empirical tests are scarce. The seaweed fly Coelopa frigida has an a/b inversion polymorphism, and previous work demonstrated that the a inversion frequency declines from the North Sea to the Baltic Sea and is correlated with changes in tidal range, salinity, algal composition and wrackbed stability. Here, we explicitly test the hypothesis that populations of C. frigida along this cline are locally adapted by conducting a reciprocal transplant experiment of four populations along this cline to quantify survival. We found that survival varied significantly across treatments and detected a significant Location x Substrate interaction, indicating local adaptation. Survival models showed that flies from locations at both extremes had highest survival on their native substrates, demonstrating that local adaptation is present at the extremes of the cline. Survival at the two intermediate locations was, however, not elevated at the native substrates, suggesting that gene flow in intermediate habitats may override selection. Together, our results support the notion that population extremes of species with polymorphic inversions are often locally adapted, even when spatially close, consistent with the growing view that inversions can have direct and strong effects on the fitness of species.
Introduction
Adaptation plays a fundamental role in the generation of biodiversity (Levene, 1953; Savolainen et al., 2013) , the geographical distribution of species (Kirkpatrick & Barton, 1997; Agren et al., 2013) and the local dynamics of species interactions (Kaltz & Shykoff, 1998; Agrawal, 2000) . Conditions for local adaptation are favourable when selection is strong and stable, standing genetic variation is high and when gene flow is too weak to homogenize populations (Kawecki & Ebert, 2004) . Another, yet underappreciated, condition affecting the potential for local adaptation is the genetic architecture of selected loci (Tigano & Friesen, 2016) . Specifically, theoretical models predict that genomic features that reduce recombination should facilitate adaptation because co-adapted gene complexes in those regions are protected from the homogenizing effects of gene flow (Kirkpatrick & Barton, 2006; Hoffmann & Rieseberg, 2008; Kirkpatrick, 2010) . Furthermore, loci with high fitness effects should be particularly conducive to undergo strong local selection and thus remain polymorphic despite migration and drift (Savolainen et al., 2013) .
Inversions fulfil both of these criteria. First, they cause a heavy suppression of meiotic recombination in heterozygous individuals, due to the reduction in crossing-over events within inverted regions (Stump et al., 2007; Kulathinal et al., 2009; Charlesworth, 2016) . Second, as a consequence of recombination suppression, inversions can capture multiple locally adaptive alleles, and thus, an inversion can become adapted to the environment and increase fitness (Lowry & Willis, 2010; Oneal et al., 2014; Charlesworth, 2016) . If the captured alleles inside the inversion are on average more fit than alternative combinations, then the inversion can spread through a local population even in the presence of gene flow and replace the noninverted form (Hoffmann et al., 2004; Kirkpatrick & Barton, 2006; Kirkpatrick, 2010) .
Indirect empirical evidence that inversions can facilitate local adaptation comes from studies showing clines of inversion frequencies along major environmental gradients (Dobzhansky, 1951; Day et al., 1983; Ayala et al., 2011; Ayala & Gonzalez, 2014) and from molecular work linking inversion polymorphisms with adaptive functional variation, such as seen in birds (Tuttle, 2003; K€ upper et al., 2015; Tuttle et al., 2016) , butterflies (Joron et al., 2011; Kunte et al., 2014) , fish (Jones et al., 2012; Kirubakaran et al., 2016) , flies (Barbadilla et al., 1994; Ayala et al., 2011 Ayala et al., , 2014 Ayala & Gonzalez, 2014) and plants (Lowry & Willis, 2010; Oneal et al., 2014; Twyford & Friedman, 2015) . However, more direct tests that explicitly test for local adaptation in species that carry inversion polymorphisms are still rare. Although a number of approaches can be applied to study local adaptation more directly (Endler, 1986; Kawecki & Ebert, 2004) , reciprocal transplant experiments and common garden experiments offer the most tractable means to test the key prediction of local adaptation; that is, local individuals experience higher fitness (e.g. survival) than individuals from foreign populations (Blanquart et al., 2013) .
The seaweed fly Coelopa frigida (Diptera: Coelopidae) has a large inversion polymorphism, and populations along the coastline from the North Sea to the Baltic Sea show a clinal pattern of inversion frequencies (Day et al., 1983) . Such clinal patterns are classic examples of selection to promote local adaptation (Hoffmann & Rieseberg, 2008) , and this is corroborated by the finding that the clinal pattern appears to follow a marked decrease in tidal range and salinity and associated changes in the wrackbed composition and stability. Here, we conduct a reciprocal transplant experiment involving four populations of C. frigida along the cline to explicitly test whether population are locally adapted. Survival differences (from the egg to the adult stage), as a proxy for fly fitness, of all four populations on their own wrackbed substrate vs. foreign wrackbed substrates were recorded to test for local adaptation. Evidence that a population has highest fitness on its own substrate, compared to all other substrates, was taken as evidence that a population is locally adapted. The results are discussed in the light of the environmental gradients along the cline and the role of inversion polymorphisms in the evolution of local adaptation.
Materials and methods

Study species
Like all seaweed flies, all life stages of C. frigida are exclusively found on seaweed wrackbeds that accumulate along the seashore (McAlpine, 1991) . Coelopa frigida can be found on most shorelines in the temperate Northern Hemisphere and has been studied extensively as a model system to investigate the mechanisms of female choice in sexual selection and conflict, and interactions with the inversion polymorphism (e.g. Gilburn et al., 1992; Gilburn & Day, 1994) . The species has a paracentric inversion polymorphism on chromosome I that consists of an a and b version (Aziz, 1975) . Chromosome staining methods calculated that the size of the inversion encompasses a 10th of the genome and contains approximately 100 genes (Aziz, 1975) . Coelopa frigida has, like most other dipteran species, several other inversions across the genome; however, only the large a/b inversion on chromosome I has been implicated in fitness trade-offs. Specifically, several studies have shown that inversion-specific selection on male mating success (Butlin et al., 1982b; Gilburn et al., 1992; Gilburn & Day, 1994) , adult size and development time are strong factors in modulating the inversion frequency (Butlin et al., 1982b; Gilburn & Day, 1994) . Of these, the most spectacular inversion effect is the one on male body size, with the two types of homozygous male types (homokaryotypes, i.e. aa and bb) showing a three-fold size difference, with bb males growing to 3 mm and aa males to 9 mm. The large size differences among males indirectly affects their chance to force copulations, with the largest aa males being most successful (Butlin et al., 1982b; Gilburn et al., 1992; Gilburn & Day, 1994) . Another consequence of the pronounced size differences is that the development times of the two inversion homokaryotypes also differ significantly, with the bb males developing fastest, the aa males slowest and the heterokaryotypes being intermediate . In addition to these strong selective forces, the inversion polymorphism is further affected by heterosis, which manifests itself by heterokaryotypes enjoying a higher egg-to-adult viability than homokaryotypes (Thompson, 1951; Collins, 1978; Day & Buckley, 1980; Gilburn & Day, 1994) , a mechanism that has also been found to operate in other species with inversion polymorphisms, such as Drosophila spp. (Sturtevant & Mather, 1938; Dobzhansky, 1950) . At high, although not unnatural, densities, this heterokaryotype superiority can become very pronounced (Collins, 1978) . The laboratory data showing higher heterokaryotype viability are supported by data from natural populations, finding significant departures from Hardy-Weinberg proportions, where a 20-40% excess of heterokaryotypes is not uncommon (Butlin et al., 1982a; Day et al., 1983; Butlin & Day, 1989) .
Taken together, the key selective forces acting on the a/ b inversion frequencies in C. frigida thus include selection on male body size, mating success, development time and heterosis.
Study site selection
The original C. frigida inversion cline has been described by Day et al. (1983) and ranges from the western shore of the North Sea to the Inner Baltic sea. The main abiotic difference between sites is salinity, which decreases starkly from the north to the south, whereas other abiotic parameters remain more or less unchanged. Salinity differences appear to have a secondary effect on fly populations due to their effect on the seaweed distribution, with Laminaria spp. and Fucus spp. being marine species, that start to disappear as the water becomes more brackish towards the Baltic (Pedersen & Snoeijs, 2001 ; see also Table 1 ). In the Baltic, the brown seaweeds are then gradually displaced by Zostera eelgrass and red algae, which alone are not suitable substrates for fly wrackbeds (author, unpublished data). We selected four fly populations along the cline which differ in tidal range and salinity fluctuations experienced throughout the year (locations: Steninge, M€ olle, K€ ampinge and K aseberga, Fig. 1 ), and consequently, also in the wrackbed seaweed composition and stability (Table 1 , Fig. 2 ).
Reciprocal transplant experiment
We employed a fully balanced reciprocal transplant design to test for local adaptation between February and May 2014. Each location was visited during early 2014 to collect wrackbed substrate and seaweed fly larvae. During these visits, the wrackbed algal composition was recorded (Table 1) and a representative seaweed sample from the wrackbed collected, then placed in labelled plastic bags and brought back to the laboratory at Lund University; they were kept for several days in the freezer to ensure that no viable eggs or larvae remained. Fly larvae from each location were reared on 150 g of their own substrate in aerated plastic containers until a puparium was formed. Puparia were collected daily and kept in individual Eppendorf tubes (to ensure virginity) containing a small piece of cotton soaked in 5% sucrose solution to maintain a high moisture level and to provide nutrition for the fly. When a fly eclosed from its puparium, the Eppendorf was placed in the fridge at 4°C to slow down development time and to prolong the flies' lifetime. Over the course of a maximum of 10 days, adult flies from each location were collected in the laboratory until a minimum of 25 couples could be set up for mating trials (i.e. 25 males and 25 females).
Mating trials were started once a sufficient number of adult flies were obtained (i.e. a minimum of 25 couples, but collection time never exceeded 10 days) for a location. For each trial, one male and one female from the same location were put together and left for 24 h at 25°C. The mating chamber consisted of a 15-ml test tube with a small amount of seaweed substrate mix (1 g) containing equal amounts of representative algal species from each collection site. Mating trials were visually inspected several times during the day, and as soon as an egg clutch was observed, the mating chamber was moved to the 4°C fridge to slow down egg development. After 24 h, 14-15 mating chambers containing egg clutches were randomly selected and the parents were placed in the freezer for subsequent karyotyping. For each location, the egg clutches from the 14-15 mating pairs were pooled and moved to a plastic container, submerged in a 3% saline solution and mixed by swirling the eggs, so that they could separate and float individually in the solution. The solution was then repeatedly poured through a coarse sieve to remove seaweed pieces and then through a very fine black cotton cloth to separate eggs from the solution. The black colour of the cloth ensured that homogenized eggs were visible by eye. The black cotton cloth was then laid under a microscope (Nikon SM2800) to count and sort the eggs.
Experimental transplant pots were prepared by placing 150 g of representative seaweed from each of the four locations (three replicates for each fly location x location substrate comparison, 48 transplant pots in total) into aerated plastic containers (190 9 110 9 70 mm). On top of the seaweed, pieces of the black cotton cloth were placed until each pot contained 30 eggs. This procedure ensured that all pots belonging to one fly origin (12 pots) were stocked with the same egg homogenate, thereby guaranteeing that the individual genotypes were comparable (e.g. inversion frequencies of the source eggs).
The transplant experiments were started once the mating trials were completed (i.e. within the next 24 h). The different treatments were prepared by thawing the location-specific substrate and then each individual container was filled with 150 g of thawed wrackbed substrate (four fly locations 9 four fly substrates, 16 treatments, three replicates for each treatment, 48 experimental test containers). The thawed substrate was then seeded with a homogenized mixture of eggs from each location that were generated in mating trials using the eclosed flies. Pots were checked daily and all eclosing flies were immediately put in the freezer in a labelled Eppendorf. For each location and substrate comparison, survival was measured as the mean number of eclosed adults. Each enclosed fly was sexed. The experiment was performed in a controlled laboratory environment at 25°C and under a 12-h night/12-h day cycle.
Statistical analyses
To estimate survival differences following the transplant, we used the R statistical software package (R Core Team, 2016) to construct a logistic regression GLMM with a logit-link function with survival as the response variable. Replicates were used as a random 
effect. In the full model, 'Location', 'Substrate' and the interaction term 'Location x Substrate' were included. Local adaptation is indicated by a significant 'Location x Substrate' interaction. Careful analysis of our data showed that a traditional GLMM may be insufficient due to complete separation of our data; that is, one of the four locations had 100% survival in all replicates, leading to inflated coefficient estimates where numeric probabilities are either 0 or 1 (Gelman, 2008) . To deal with this issue, we followed the recommendation of Gelman (2008) and used a Bayesian GLMM in the R package blme (Chung et al., 2013) to impose zero-mean normal priors on the fixed effects and fitted this model using penalized maximum likelihood (Laplace approximation). In order to estimate the importance of the 'Location x Substrate' interaction, an additional model excluding the interaction term was compared to the full model using a likelihood-ratio test (LRT) and AIC (Burnham & Anderson, 2002) . The test statistic from the LRT is reported as v 2 . Confidence intervals were calculated for the resulting model estimates using the R package multcomp (Hothorn et al., 2008) .
Results
Study site differences
Location differences along our cline in sea surface salinity were substantial between the Baltic in the south and the Kattegat in the north, in terms of both mean annual and seasonal variations (Fig. 1, Table 1 ). At the extremes of the cline, the mean annual SSS was 15.79 PSU AE 16.62 SD at K aseberga in the south and 9.91 PSU AE 5.40 SD at Steninge in the north. Wrackbed substrates taken from each location varied in the composition of brown and red algae and Eelgrass (Fig. 2) . K€ ampinge in the Baltic had the largest composition of Eelgrass (40%), whereas Steninge had none, and the preferred brown algae (Laminaria digitata) was found only at both northern locations, Mö lle and Steninge.
Survival differences between populations
More than half (i.e. 841) of the 1440 transplanted eggs from the experiment eclosed as adult flies. Of these, 407 were females and 434 were males.
Mean survival rates varied across fly locations and substrate combination, ranging from 47% (M€ olle) to 66% (Steninge; Table 2 ). Between-substrate survival rates varied even more, ranging from 31% (K€ ampinge) to 73% (K aseberga, Table 2 ), suggesting that the substrate composition exhibits a strong effect on fly survival. Mean survival was highest for both K aseberga and Steninge on their own substrates, 77%, 0.23 SD and 100%, respectively (Fig. 2, Table S1 ).
Local adaptation
To test for local adaptation, we developed a Bayesian GLMM with Location, Substrate and a Location 9 Substrate interaction as the fixed effects and Replicate as the random effect. As we were interested in the interaction term Location x Substrate as a measure of local adaptation, we created a second model without the interaction term. The two models were compared using a likelihood-ratio test (LRT) and AIC. The presence of local adaptation is indicated by an overall significant interaction effect in the full GLM (v 2 17 = 132.4, Specifically, evidence for local adaptation was found at the populations situated at the extremes of the cline, namely Steninge and K aseberga, where both populations of flies showed highest survival rates on their own substrates, indicating that these two populations are locally adapted (Steninge: Z = 4.81, SE = 1.14, < 0.0001, K aseberga: Z = 3.54, SE = 0.50, < 0.0001, Figs 3 and 4) . The majority of other Location x Substrate survival estimates, both positive and negative, showed no significance, and a number were weakly significant (Fig. 4) . However, three combinations were highly significant (P < 0.0001): Steninge flies on Steninge substrate and K aseberga flies on K aseberga substrate showed significantly positive survival, again underscoring the finding that these two fly populations have become locally adapted. The third highly significant combination was that of Steninge flies raised on the K€ ampinge substrate. Flies form this combination showed a highly significant negative relationship for survival (Z = À3.65.81, SE = 0.48, < 0.0001, Fig. 4 ). In this context, it is noteworthy that Steninge was the only location without any eelgrass in the wrackbed substrate, whereas K€ ampinge had the highest amount of eelgrass (40%) in its wrackbed (Table 1 , Fig. 2 ).
Discussion
Clinal patterns of inversion frequencies are commonly invoked to be caused by locally adapted populations;
however, empirical tests to quantify local adaptation are seldom conducted. Here, we test for local adaptation in the seaweed fly C. frigida, a species that forms a cline of inversion frequencies in Scandinavia along a north-south gradient from the North Sea to the Baltic Sea (Day et al., 1983) . The different inversions of C. frigida are known to be linked to fitness as they directly affect important life history traits, such as development time, mating success and body size Butlin et al., 1982a,b) . Our reciprocal transplant results detected a significant Location x Substrate interaction, indicative of local adaptation. Moreover, the two populations at the extremes of the cline showed highest fly survival on the native substrate (Figs 1 and 2 ). This together strongly indicates that the clinal extremes are locally adapted to the substrate composition present at their own site. Previous work on C. frigida's inversion polymorphism has demonstrated that multifarious selection pressures modulate inversion frequencies. The clinal pattern in Scandinavia is best explained by strong heterosis, as all populations show a heterozygote excess, in combination with selection for the smaller and faster developing bb homokaryotypes in the south. Southern wrackbeds differ from the northern ones in algal composition and permanence, both factors that together affect the state of the substrate. The southern wrackbeds have less Laminaria in their substrate, and higher amounts of red algae (Fig. 2) , and wrackbeds are more or less permanent, as the Baltic only experiences wind-induced tides (Stigebrandt, 2001) . Greater wrackbed stability and substrate decomposition likely exert strong selective pressures on fly populations and appear to favour increased Fig. 3 Mean offspring survival rate. Solid filled circles represent 'native' population for each location; and grey shaded triangles 'nonnative' populations (i.e. transplanted). Asterisk (*) denotes locations where survival was highest on their own substrate.
bb survival along the Scandinavian cline. In contrast, at the northern end of the cline, the tide frequently deposits higher amounts of Fucus-and Laminariadominated wrackbed material onto the shore, thus frequently providing fresh mating, spawning and ongrowing substrate for fly populations, similar to the coastal populations in Britain. Indeed, northern Scandinavian and British populations have both similar inversion frequencies and differ from the southern populations by harbouring more a inversions (Day et al., 1983) .
Our finding that the two extreme study populations show local adaption indicates that selection at the extremes of the cline is strong for three reasons: first, C. frigida population sizes are large (many thousand flies are often found within a few square metres, author personal observation) and show a considerable ability to disperse by flight and via rafting, as seen by occasional mass migrations of flies inland to colonize compost heaps (Egglishaw, 1958) and the colonization of remote offshore islands (Oldroyd, 1954; Egglishaw, 1958) . Second, evidence that gene flow among Swedish populations is likely high also comes from molecular work showing the absence of a isolation-by-distance pattern, possibly caused by the relatively continuous distribution of suitable habitat along the coastline (MacDonald & Brookfield, 2002) . Third, survival rates of transplanted flies in our experiment showed larger variation across substrate types than across locations, again underscoring that the wrackbed composition along this coastline can exhibit a strong and selective effect on the maintenance of populations of this species. Survival at the two internal clinal populations was not consistent with local adaptation, as survival was not elevated on the native substrate in comparison with foreign substrates. This pattern may be a reflection of the more intermediate substrates and environment that the internal populations experience (Fig. 1) . Mean annual salinity levels ( Fig. 1 ) and tidal ranges (and thus the state of substrate decomposition) of the two internal populations were midway between what extreme populations experience. This greater habitat similarity of internal populations may reduce the strength of selection and favour gene flow across this coastal region, thereby mixing populations and diluting locally adaptive traits. For gene flow to have a diluting effect, only very low levels are necessary to permit the spread of highly advantageous alleles (Morjan & Rieseberg, 2004) .
The sampled populations in our study were situated along a north-south gradient characterized by pronounced shifts in tidal range (affecting substrate decomposition rate) and salinity levels (see Fig. 1 ), which are both known to affect the wrackbed algal composition and stability in these places. Genetic clines associated with environmental variation in the Scandinavian region between the North Sea and the Baltic Sea have long been known for marine organisms such as Gammarus (Kolding, 1985) and Mytilus (V€ ain€ ol€ a & Hvilsom, 1991), as well as some fish species (Vallin et al., 1999; Nielsen et al., 2004) . Most adaptations of marine organisms are thought to be caused by changes in salinity and topography, with the highly saline North Sea (35 ppm) and the brackish Baltic Sea (< 8 ppm) forming a transition zone from a marine community to a more brackish and freshwater-adapted community. Further, the Baltic Sea is also characterized by marked fluctuations due to sporadic inflows of water from the saline North Sea. These environmental gradients and stressors have repeatedly been shown to exhibit a strong effect on both the composition and abundance of the marine fauna and flora along this coastline. For example, over 120 marine fish species have been recorded from the North Sea, whereas fewer than 30 fish species are known as common residents from the Baltic Sea (Ojaveer & Kalejs, 2005) . Our study shows that the salinity effects go beyond the marine ecosystem and also impact the intertidal and subtidal community structures, via the composition of wrackbed communities, and add empirical data to the notion that strong abiotic environmental gradients can have widespread and pronounced effects on biotic communities.
Inversion polymorphisms have been studied using cytological methods since the early 1920s (Sturtevant, 1921), well before PCR and other genetic methods were developed, but inversions received little attention after the 1970s with the rise of biochemical and then molecular genetics (Kirkpatrick, 2010) . However, the advent of next-generation sequencing methods has made it possible to study the molecular underpinnings of inversions with much more ease, lower costs and greater detail than ever before, and now inversions are once again in the spotlight of many studies (K€ upper et al., 2015; Kirubakaran et al., 2016; Tuttle et al., 2016) . One of the first examples where inversions have been linked to local adaptation came from the observation of seasonal changes in inversion polymorphism clines in Drosophila (Dobzhansky, 1943) . Since then, inversions have been linked to adaptation in butterflies (Joron et al., 2011) , Anopheles mosquitoes (Ayala et al., 2011) , fruit flies (Feder et al., 2003) , humans (Stefansson et al., 2005) and plants (Lowry & Willis, 2010) . Of these, the arguably best case includes the dramatic example of the 3RP inversion in Drosophila melanogaster, which has established parallel latitudinal clines independently on three continents (Krimbas & Powell, 1992) that have shifted in a way consistent with climatic change (Anderson et al., 2005) .
Despite many studies explaining inversion polymorphism clines with local adaptation, experiments testing that populations of species with inversion polymorphisms are locally adapted remain scarce. Notable exceptions include some work conducted on Drosophila, where laboratory experiments demonstrated that changes in inversion frequencies in population cages depend on when and where samples were taken (Anderson et al., 1967) and how they were maintained (Strickberger, 1963) . Furthermore, reciprocal transplant experiments of the yellow monkey flower using outbred lines where inversion chromosomal arrangements were introgressed into different genetic backgrounds were able to demonstrate local adaptation (Lowry & Willis, 2010) . Our study adds another example to the growing body of work on both animals and plants that reports inversion-related fitness effects (Hoffmann et al., 2004; Kirkpatrick & Barton, 2006; Hoffmann & Rieseberg, 2008; Kirkpatrick, 2010) , and underscores the general view that inversions may be linked to the local adaptation of species. Future work on C. frigida should investigate the genomic underpinnings of locally adaptive alleles in this species by, for example, comparing SNPs from populations at the extremes of the cline and testing whether they show elevated divergence between a and b compared to collinear regions and show a steeper and narrower cline in allele frequency change.
